The effects of high doses of radiation (1, 5, or 20 Mrad) on the toxicity, pyrogenicity, and immunogenicity of Salmonella typhimurium cells and endotoxin were studied. Toxicity decreased progressively after exposure to 1, 5, or 20 Mrad. The lethal effect of 1-Mrad exposed cells was greater than that of heat-, acetone-, or alcohol-killed preparations. An amount of 5 Mrad is about a 50% end point in terms of inactivation of the lethal lipopolysaccharide or cell-associated determinants. The fever response to radiation-killed salmonellae decreased between 1-and 20-Mrad exposure. The immunogenicity of 1-Mrad-treated cells usually exceeded that of nonirradiated preparations in mouse-protection tests. With increasing radiation doses, there was a dramatic decrease in, but not an abolition of, immunogenicity. Preparations exposed to 20 Mrad which were nonlethal afforded significant protection. The results are interpreted as a reflection of a dissociation of the primary and secondary toxic determinants of endotoxin after irradiation. The data indicate the potential value of radiation sterilization as a means of production of Salmonella vaccine.
Although the comparative immunogenicity of typhoid cells killed by a variety of methods has been the subject of study for many years (21) , there is still considerable debate as to the extent to which dead cells or cell extracts from Salmonella species confer protection against Salmonella infections (2, 3, 10-12, 16, 17, 22, 26) . A variety of microorganisms and their components, as well as antisera, have been exposed to ionizing radiation in attempts to produce more effective sterile vaccines (7) (8) (9) 23) . A study on the biological properties of irradiated endotoxin provided preliminary data indicating that demonstrable immunogenicity is retained after exposure to high levels of radiation, while the toxic component(s) responsible for mouse lethality were destroyed (19) . In view of the promise these results offered and the current need for and interest in an improved vaccine against Salmonella infections, it seemed worthwhile to explore this problem more extensively with whole cells. The effects of radiation on the immunogenicity, lethality, and pyrogenicity of the cells and endotoxin of S. typhimurium were studied. The protection against Salmonella infection afforded by radiation-, heat-, alcohol-, and acetone-killed populations was compared.
MATERIALS AND METHODS Endotoxin. S. typhimurium endotoxin (lipopolysaccharide, hereafter referred to as LPS) was prepared by the Westphal method (Difco), dissolved in nonpyrogenic physiological saline (Baxter Laboratories, Morton Grove, Ill.), irradiated at a concentration of 9.5 mg of LPS per ml, stored at 4 C, and diluted within 24 hr thereafter for vaccination.
Cell vaccines. S. typhimurium, strain SR-11, was grown for 16 to 18 hr in Brain Heart Infusion (Difco) at 37 C, centrifuged at 4,100 X g at 4 C for 15 min, and resuspended as a 10-fold concentration in saline (about 1010 cells/ml). Portions (10 ml) were irradiation-killed or prepared as alcohol-, acetone-, or heatkilled vaccines, as described earlier (10) . Their sterility was ascertained by lack of growth of a 1-ml sample (grown for 24 hr at 37 C) on Brain Heart Infusion Agar (Difco). Extensive (15) .
Pyrogen assay. The fever response to radiationkilled cells suspended in 0.5 ml of nonpyrogenic saline was determined as previously described (19) .
Immunogenicity. 20 Mrad were injected into rabbits, they elicited slightly less fever between 3 and 5 hr than 1-Mrad exposed cells (Fig. 1 Survival data represent the cumulative response of mice given five different immunization levels of cells (2 X 104 to 4 X 108) or LPS (1 to 500 ,ug.). The animals were challenged at day 1 and day 6 with 131,000 and 148,000 viable S. typhimurium, strain SR-li, respectively.
b The PD10 iS listed in parentheses. It is given in micrograms for LPS. offered significant protection above the control level (P < 0.001, Table 3 , columns 4 to 6). The level of protection decreased between 1 and 20 Mrad for cells and 0 and 20 Mrads for LPS (P < 0.001 and < 0.005, respectively). The PD50 requirement increased about 3.3 x 104-fold for cells and 5 X 102-fold for LPS. Mean survival time data illustrated the same trend (although less clearly). Thus, in terms of percentage of survivors, PDso or mean survival time, the specific immunogenic factors associated with cells were inactivated to a greater extent than those of LPS. The nonspecific immunogens were more resistant in both cell and LPS preparations. In all irradiated preparations, enough immunogenicity was retained to afford significant protection within readily attainable vaccination levels. DiscUSSION Earlier studies indicated qualitatively that radiation had a differential effect on the lethal and immunogenic properties of LPS (19) . These findings, coupled with the data presented above, demonstrate quantitatively that the toxic moieties responsible for mouse lethality contained in LPS or cells are inactivated to a lesser extent than those responsible for specific immunogenicity. Between 0 and 5 Mrad the LD50 requirement of S. typhimurium LPS increased about 2.2-fold (19) , whereas the PD50 increased 184-fold (Table 3,  column 6 ). Similarly, between 1 and 5 Mrad of exposure the LD50 requirement of cells increased about 2.3-fold (Table 1) , whereas the PD50 of a cellular radiovaccine increased from about 10-to 90-fold ( Table 2 ). The magnitude of the latter change was roughly inversely proportional to the difference in the size of the challenge dose in the different experiments. Although the specific immunogenic sites are very radiation-sensitive (their rate of inactivation being almost exponential), only small amounts are needed to induce protection. Therefore, significant protective activity remains after exposure to doses as high as 20 Mrad. At the latter dose, the PD50 requirement was 3 X 108 to 105 times that of the 1-Mrad preparation. However, 4 X 108 to 8 x 109 cells exposed to 20 Mrad, were nonlethal to mice (Table  1 ) and contained less pyrogen (Fig. 1 ) but provided significantly better survival than was observed in controls when challenged with doses varying from 41,000 to 235,000 cells (P < 0.001). While the immunogenicity of whole cells decreased by a factor of 3 X 103 to 105 between 1 and 20 Mrad (Table 2) , that of a phenol-water LPS preparation decreased about 5 X 102 times between 0 and 20 Mrad (Table 3) , indicating greater overall stability of the LPS. It must be noted, however, that among the rather stable immunogenic determinants in LPS there exists a radiation-labile group susceptible to the effects of 5 Mrad or less. The labile group accounted for a loss of protective activity disproportionate to the level of radiation exposure (Table 3 , column 6). In view of the wider variety of antigens present in whole cells, the greater overall radiation sensitivity of their specific immunogenic determinants is not surprising.
The data presented above, as well as those from previous studies (19) , demonstrate that the specific immunogenic determinants of cells and LPS (measured by the 6-day protection test, Table 2,  and Table 3 , columns 5 and 6) are generally more radiation-sensitive than the corresponding lethal (Table 1) , nonspecific immunogenic (Table 3 , columns 2 and 3), pyrogenic (Fig. 1) (25) . However, close scrutiny of the data reveals a trend towards decreasing toxicity and immunogenicity with increasing radiation dose (106 to 2 X 106 roentgens). It seems clear that this alteration would have become evident to the authors had they explored this avenue more fully with a wider range of radiation exposures. It is significant that, in spite of differences in the route and sequence of vaccinations, strains of microorganisms, and conditions and levels of irradiation, both the data presented here and those of others (23, 25) indicate that irradiated cells and their extracts retain significant amounts of immunogenicity. In our own studies, a cell suspension exposed to 1 Mrad was in all but one instance the most effective vaccine. Further exploration of the parameters involved, including strains of microorganisms, temperature during irradiation (19) , level of moisture, presence or absence of radioprotective agents (9) , and irradiation of the original cell suspension (6), should lead to improved vaccines against enteric pathogens. Although the nature of the mechanism responsible for the immune response to dead Salmonella cells is not clear, there is no doubt that radiation-processed vaccines do offer significant protection against Salmonella infection. A few laboratories have presented evidence which illustrates the effectiveness of living attenuated vaccines (2, 3, 11, 14, 16, 17) . The data presented here and from several other laboratories demonstrate that dead vaccines offer significant protection against Salmonella infection (6, 10, 12, 18, 21) , which in some cases is equivalent to that afforded by living attenuated vaccines (1) .
